The highly conserved Target of Rapamycin (TOR) kinase is a central regulator of cell growth and metabolism in response to nutrient availability. TOR functions in two structurally and functionally distinct complexes, TOR Complex 1 (TORC1) and TOR Complex 2 (TORC2). Through TORC1, TOR negatively regulates autophagy, a conserved process that functions in quality control and cellular homeostasis and, in this capacity, is part of an adaptive nutrient deprivation response. Here we demonstrate that during amino acid starvation TOR also operates independently as a positive regulator of autophagy through the conserved TORC2 and its downstream target protein kinase, Ypk1. Under these conditions, TORC2-Ypk1 signaling negatively regulates the Ca 2+ /calmodulin-dependent phosphatase, calcineurin, to enable the activation of the amino acid-sensing eIF2α kinase, Gcn2, and to promote autophagy. Our work reveals that the TORC2 pathway regulates autophagy in an opposing manner to TORC1 to provide a tunable response to cellular metabolic status.
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A utophagy is an evolutionarily conserved process that recycles cytoplasmic contents and organelles in eukaryotic cells (1) (2) (3) . During normal cell growth, a basal rate of autophagy serves as a quality control mechanism to maintain cellular homeostasis and longevity (4, 5) . However, in response to energetic stress, such as nutrient deprivation, autophagy flux markedly increases to generate biosynthetic precursors to facilitate cellular adaptation and survival (1) (2) (3) 6) . Accordingly, impaired regulation of autophagy is linked to a number of metabolic and aging-related disorders including cancer, heart failure, and a number of neurodegenerative diseases (7, 8) . Autophagy is catalyzed by the action of numerous highly regulated autophagy-related (Atg) proteins, many of which assemble at discrete peri-vacuolar structures, termed "phagophore assembly sites" (PAS) (9, 10) . The PAS initiate the de novo assembly of double-membrane-bound vesicles, termed "autophagosomes," which occurs at endoplasmic reticulum (ER) exit sites that facilitate membrane trafficking from the ER (11, 12) . Growth of the autophagosome is linked to the sequestration of cargo and, upon completion of autophagosome formation, the outer membrane of the autophagosome fuses with the lytic compartment (vacuole or lysosome), exposing the inner membrane and cargo to the degradative action of resident hydrolases (1, 13) .
Distinct signaling pathways regulate autophagy in response to nutrient availability, including the Protein Kinase A (PKA) and Target of Rapamycin Complex 1 (TORC1) pathways, which converge to independently control the activity of components that initiate autophagosome formation (14) . The central component of TORC1 is the evolutionarily conserved TOR kinase, which assembles into two structurally and functionally distinct protein complexes, TORC1 and TORC2, where TORC1 is uniquely inhibited by the macrolide antibiotic rapamycin (15) . The autophagy field primarily uses rapamycin treatment or nitrogen starvation, both of which inhibit TORC1 activity, to study autophagy induction (1-3, 16, 17) . However, amino acid starvation, specifically that required auxotrophically, induces autophagy in a manner independent of TORC1 activity and instead requires the general amino acid control (GAAC) response regulated by the eIF2α kinase, Gcn2 (17, 18) . During amino acid limitation, unconjugated tRNAs bind to and activate Gcn2, which acts as a sensor for intracellular amino acid levels (19) . Activated Gcn2 indirectly promotes translation of the transcription factor Gcn4, which in turn induces the expression of genes important for both amino acid biosynthesis and autophagy (20) (21) (22) .
In this study, we demonstrate that during amino acid starvation the rapamycin-insensitive TORC2 is a positive regulator of autophagy through its downstream target kinase, Ypk1, and is required for Gcn2 activation. We further demonstrate that TORC2/Ypk1 signals to Gcn2 via the Ca 2+ -dependent phosphatase calcineurin, which we establish is a negative regulator of the GAAC response and autophagy. Together, these findings identify a functional relationship between TORC2 and autophagy, whereby TORC2/Ypk1 signaling functions to promote autophagy upon amino acid limitation by regulating the activity of calcineurin and the GAAC response.
Results

TORC2/Ypk1 Signaling Is Required for Amino Acid Starvation-Induced
Autophagy. We asked whether TORC2 functions to regulate autophagy by using a temperature sensitive (ts) variant of the essential TORC2 component Avo3 (23) , referred to here as torc2-ts. We first examined autophagy in torc2-ts cells under conventional nitrogen starvation conditions (low ammonium sulfate levels in combination with the absence of amino acids, as described in Materials and Methods). Cells were grown at 25°C in rich media to mid log phase, and autophagy was induced by
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The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. transferring cells to nitrogen starvation media for 6 h at both permissive (25°C) and nonpermissive (30°C) temperatures. We monitored autophagy using the established GFP-ATG8 reporter under the control of the endogenous ATG8 promoter (pRS416-pr ATG8 -GFP-ATG8) (24) . GFP-Atg8 associates with autophagosomes, and the Atg8 domain is degraded in the vacuole to create free GFP, allowing for visualization and quantification of autophagosomal degradation in the vacuole, or autophagosomal flux (24) (25) (26) . We quantified autophagy flux by Western blot analysis by calculating the ratio of free GFP to total GFP signal (Materials and Methods). Autophagy flux was comparable in both wild-type and torc2-ts cells at permissive and nonpermissive temperatures (Fig. 1A) , indicating that TORC2 is not required for the induction of autophagy following nitrogen starvation.
We next examined the role of TORC2 in autophagy under amino acid starvation conditions (Materials and Methods). Autophagy flux in torc2-ts was significantly decreased compared with wild type at 6 h of starvation (Fig. 1B) . This autophagy flux defect was observed at both permissive and nonpermissive temperatures, consistent with previous observations that torc2-ts cells are also impaired for TORC2 function at the permissive temperature (23) . These data indicate a role for TORC2 as a positive regulator of autophagy flux during amino acid starvation. In addition to a defect in autophagy flux, torc2-ts cells exhibited an elevated basal level of GFP-Atg8 before starvation ( Fig. 1 A-C) , suggesting that TORC2 may also negatively regulate Atg8 expression and/or turnover. Treatment of torc2-ts cells under growing conditions with rapamycin increased autophagy flux to levels comparable to wild-type cells at permissive and nonpermissive temperatures (Fig. 1C) , consistent with our observations that TORC2 function is not required for autophagy under nitrogen starvation conditions. These results confirm that the defect in flux in torc2-ts cells is not due to intrinsic defects in the autophagy machinery but rather in signaling used during amino acid starvation to induce autophagy. Our observations indicate that TORC1 and TORC2 act independently to regulate autophagy under different starvation conditions.
We asked whether the partially redundant AGC kinases Ypk1 and Ypk2, which function downstream of TORC2, are required for autophagy (27, 28) . Similar to torc2-ts cells, autophagy flux in ypk1Δ cells was also severely compromised following amino acid starvation compared with wild-type cells ( Fig. 2A) . Like torc2-ts cells, ypk1Δ cells exhibited elevated basal levels of GFP-Atg8 under normal growing conditions before starvation ( Fig. 2 A-D) . Expression of a plasmid-born wild-type YPK1 gene under the control of its endogenous promoter fully restored autophagy flux and suppressed accumulation of GFP-Atg8 in ypk1Δ cells (ypk1Δ + pYPK1; Fig. 2A ), indicating that the observed defects in autophagy are specific to loss of Ypk1. In contrast to Ypk1, loss of Ypk2 did not result in autophagy defects, as the levels of autophagy flux observed in ypk2Δ cells following amino acid starvation were similar to wild-type cells ( Fig. 2A) . However, the defect in autophagy flux in ypk1Δ cells is not as severe as that observed in torc2-ts cells (Figs. 1B and 2A) or in cells lacking the essential autophagy gene ATG7 (atg7Δ; Fig. 2A ), both of which are completely defective in autophagy flux (17, 29) . Thus, in ypk1Δ cells, Ypk2 may contribute to TORC2-dependent regulation of amino acid starvation-induced autophagy.
TORC2 phosphorylates Ypk1 at two residues, Ser-644 and Thr-662, within the so-called "turn motif" and "hydrophobic motif," respectively (28). Significantly, both defects in autophagy flux upon amino acid starvation and an accumulation of GFP-Atg8 -GFP-ATG8 were grown at 25°C to log phase and then transferred to (A) nitrogen starvation media, (B) amino acid starvation media, (C) or treated with 200 nM rapamycin in SCD growth media for 6 h at both 25°C (permissive) and 30°C (nonpermissive). Cells were analyzed at indicated time points by whole-cell protein extraction and Western blot analysis. Membranes were probed with α-GFP and α-G6PDH (Zwf1) primary antibodies. Quantification of autophagy flux is shown as a ratio of free GFP to total GFP (GFP-Atg8 and free GFP) after 6 h of starvation (Materials and Methods). (pPL491)] were grown at 30°C to log phase and then transferred to (A) amino acid starvation media, (B) nitrogen starvation media, (C) or treated with 200 nM rapamycin in SCD growth media for 6 h at 30°C. Analysis of GFP-Atg8 and quantification of autophagy flux were performed as described in Fig. 1. (D) WT and ypk1Δ cells expressing either pRS416 pr ATG8 -GFP-ATG8 or pRS426-pr ATG8 -GFP were grown at 30°C to log phase and harvested, and Western blot analysis was performed as described in Fig. 1 . GFP or GFP-Atg8 protein bands were normalized to G6PDH (Zwf1), and fold increase was calculated relative to WT.
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PNAS before starvation were observed in ypk1Δ cells expressing a TORC2 phospho-null version of Ypk1 (ypk1 S644A T662A) ( Fig. 2A) . This observation indicates that TORC2 directly signals to its target kinase, Ypk1, to promote autophagy during amino acid starvation. An autophagy response equivalent to that of wild-type cells was observed when ypk1Δ cells were either starved for nitrogen (Fig. 2B ) or treated with rapamycin (Fig. 2C ). Taken together, these results demonstrate that TORC2 functions through Ypk1 in a pathway parallel to TORC1 to positively regulate autophagy during amino acid starvation.
To address the basis for the observed elevated levels of GFPAtg8 before starvation in ypk1Δ cells, we used a GFP-only reporter under control of the endogenous ATG8 promoter (pRS426-pr ATG8 -GFP). Compared with wild-type cells, a similar fold-increase was observed in ypk1Δ cells with the GFP-only reporter as was observed using the GFP-Atg8 reporter (Fig. 2D) . Based on this result we conclude that ATG8 transcription and/or translation is aberrantly induced in ypk1Δ cells. Previous studies have demonstrated that TORC2/Ypk1 signaling negatively regulates the activity of calcineurin, a highly conserved Ca 2+ /calmodulin-dependent Ser/Thr phosphatase, which consists of the catalytic subunit, calcineurin A, and an essential regulatory subunit, calcineurin B (28, 30, 31 ). Thus, we tested whether increased calcineurin activity in ypk1Δ cells contributed to autophagy inhibition by decreasing calcineurin activity through deletion of CNB1, which encodes the calcineurin B regulatory subunit (31) . Using a calcineurin-dependent response element (CDRE) lacZ reporter (32), we observed that calcineurin activity increased greater than sevenfold in ypk1Δ cells, compared with wild-type cells, and this increase was dependent upon the presence of CNB1 (Fig. 3A) , as previously reported (28) . We examined autophagy flux in wild-type, ypk1Δ, and ypk1Δ cnb1Δ cells following amino acid starvation. Significantly, we observed that ypk1Δ cells deleted for CNB1 exhibit autophagy flux comparable to wild-type cells (Fig. 3B ). These observations are consistent with a role for calcineurin as a negative regulator of amino acid starvation-induced autophagy downstream of TORC2/Ypk1 signaling.
To further test our conclusions, we examined the intracellular localization using fluorescence microscopy of GFP-Atg8 in wildtype, ypk1Δ, and ypk1Δ cnb1Δ cells, where ATG19 was also deleted from each strain to eliminate a selective form of autophagy termed "cytoplasm to vacuole targeting" (33) . Following amino acid starvation, wild-type cells exhibited vacuolar localization of GFP-Atg8 as expected, whereas, in contrast, ypk1Δ cells displayed a more uniform cytosolic distribution of GFP-Atg8 (Fig. 3C) , consistent with the observed defect in flux detected by Western analysis. Significantly, ypk1Δ cnb1Δ cells exhibited vacuolar localization of GFP-Atg8 similar to that of wild-type cells (Fig. 3C) . Taken together, these data are in agreement with our biochemical analysis of autophagy flux. We also observed an accumulation of Atg8 punctate structures in ypk1Δ cells under rich nutrient conditions (Fig. 3C) , suggesting the premature formation and/or accumulation of PAS sites within these cells. A lower number of Atg8 punctate structures, similar to wild-type, were observed in ypk1Δ cnb1Δ cells (Fig. 3C) . Although the significance of altered numbers of Atg8 punctate structures is not clear, accumulation of PAS sites under growing conditions has been previously observed in a number of autophagy mutants (34) , further linking Ypk1 function to the regulation of autophagy.
One function of activated calcineurin is to dephosphorylate and promote the nuclear localization of the zinc-finger transcription factor Crz1, which controls the transcription of numerous stress-responsive genes (35) . To determine whether calcineurin functions through Crz1 to regulate autophagy, we examined autophagy flux in ypk1Δ crz1Δ cells following amino acid starvation. In contrast to wild-type levels of flux observed in ypk1Δ cnb1Δ cells, ypk1Δ crz1Δ cells were as defective as ypk1Δ cells for autophagy flux (Fig. 3D) . This observation indicates that calcineurin suppresses autophagy by a mechanism that is independent of Crz1-dependent transcription.
Calcineurin is activated in a Ca
2+
-dependent manner by the conserved calcium sensing protein, Calmodulin (Cmd1) (36, 37 ). Thus, we tested whether increased calcineurin activity and impaired autophagy in ypk1Δ cells required the Ca 2+ -dependent activity of Cmd1. Because CMD1 is essential, we used a mutant allele, cmd1-6, which possesses reduced Ca 2+ affinity (37) , to selectively repress Ca 2+ -dependent signaling in ypk1Δ cells. Importantly, we observed that, in ypk1Δ cmd1-6 cells, autophagy flux was significantly (P < 0.01) greater than that observed in ypk1Δ cells following amino acid starvation (Fig. 3E) . Thus, our data indicate that calmodulin functions as part of calcineurin signaling to negatively regulate autophagy during amino acid starvation. , and ypk1Δ cnb1Δ cells containing plasmid pAMS363 expressing a 2xCDRE:lacZ fusion were grown at 30°C to log phase and harvested. β-Galactosidase activity was measured (Materials and Methods) and is given in units of nanomoles of ONPG converted per minute per milligram of protein. (B) WT, cnb1Δ, ypk1Δ, and ypk1Δ cnb1Δ cells expressing pRS416 pr ATG8 -GFP-ATG8 were grown at 30°C to log phase and then transferred to amino acid starvation media for 6 h at 30°C. Analysis of GFP-Atg8 and quantification of autophagy flux were preformed as described in Fig. 1. (C) WT, cnb1Δ, ypk1Δ, and ypk1cnb1Δ cells expressing endogenously tagged pr ATG8 -2xyEGFP-ATG8 were grown as in B and transferred to amino acid starvation media supplemented with adenine. GFP-Atg8 localization was analyzed at 6 h of starvation using fluorescence microscopy (n > 200 cells for each strain). (Scale bar, 5 μm.) (D) WT, crz1Δ, ypk1Δ, and ypk1Δ crz1Δ and (E) WT, cmd1-6, ypk1Δ, and ypk1Δ cmd1-6 cells expressing pRS416 pr ATG8 -GFP-ATG8 were grown and subjected to amino acid starvation, and autophagy flux was analyzed as in B.
response, as autophagy flux is impaired in gcn2Δ or gcn4Δ cells under amino acid but not nitrogen starvation conditions (18) . Given this similar specificity of both TORC2 and Ypk1 mutants to amino acid starvation, we examined whether TORC2/Ypk1 signaling regulates the GAAC response and thus autophagy during amino acid starvation. Specifically, we examined the activity of Gcn2, the sole eIF2α kinase in yeast responsible for activation of the GAAC response (19) . Using a phospho-specific antibody, we monitored phosphorylation of eIF2α on Ser-51, which becomes phosphorylated during amino acid starvation in a Gcn2-dependent manner (19, 22) . As expected, we observed that wild-type cells exhibited a fourfold increase in eIF2α phosphorylation at Ser-51 during amino acid starvation (Fig. 4A) . In contrast, this increase in phosphorylation at Ser-51 was completely blocked in ypk1Δ cells (Fig. 4A) . Significantly, we observed that, in ypk1Δ cnb1Δ cells, eIF2α phosphorylation at Ser-51 was similar to wild-type levels during amino acid starvation (Fig. 4A) . These results indicate that TORC2/Ypk1-mediated repression of calcineurin activity is essential for induction of Gcn2 activity and autophagy during amino acid starvation.
Activated Gcn2 indirectly promotes the translation of the transcription factor Gcn4, which targets genes important for both amino acid biosynthesis and autophagy (20) (21) (22) . To test whether this regulation is relevant for Ypk1-dependent autophagy regulation, we examined GCN4 translational derepression in wild-type, ypk1Δ, and ypk1Δ cnb1Δ cells following amino acid starvation, using a reporter composed of the four upstream regulatory ORFs of GCN4 fused to LacZ (38) . We observed that ypk1Δ cells exhibit a severe decrease in LacZ expression relative to wild-type cells, indicating a defect in Gcn4 activation. In contrast, the level of LacZ expression in ypk1Δ cnb1Δ cells was similar to that observed in wild-type cells (Fig. 4B) . Thus, taken together with our observations on Gcn2 activity, these results suggest that TORC2/Ypk1 signaling positively regulates the GAAC response via inhibition of calcineurin activity.
To test our conclusion, we asked whether artificial activation of the GAAC response in ypk1Δ cells is sufficient to restore amino acid starvation-induced autophagy. To accomplish this, we used the Gcn2 S577A mutation, which causes an increase in tRNA binding and a partial constitutive activation of Gcn2 kinase activity under growing conditions (39) . Accordingly, we introduced plasmids that expressed either wild-type GCN2 (pGCN2) or GCN2 C -S577A (pGCN2 C -S577A) into gcn2Δ and ypk1Δ gcn2Δ cells and analyzed autophagy flux following amino acid starvation. We observed that flux is comparable between gcn2Δ cells expressing either pGCN2 or pGCN2 C -S577A. Importantly, unlike ypk1Δ gcn2Δ cells expressing pGCN2, autophagy flux upon expression of pGCN2 C -S577A in ypk1Δ gcn2Δ cells was uniquely comparable to the gcn2Δ strain expressing either wild-type or constitutively active Gcn2 (Fig. 4C) . We also observed that the total level of GFP-Atg8 protein is reduced in ypk1Δ gcn2Δ cells expressing pGCN2 C -S577A (Fig. 4C) . The basis of this latter observation is not known; however, this prompted us to independently assess autophagy in these strains using fluorescence microscopy to examine the localization of GFPAtg8. Consistently, we observed that GFP-Atg8 possesses a uniform distribution in pGCN2 ypk1Δ gcn2Δ cells, whereas GFPAtg8 was localized to the vacuole in pGCN2 C -S577A ypk1Δ gcn2Δ cells following amino acid starvation (Fig. 4D) . We conclude from these data that constitutive activation of the GAAC response is sufficient to restore autophagy flux in ypk1Δ cells during amino acid starvation.
Discussion
Our study establishes TORC2/Ypk1 signaling as an important positive regulator of amino acid starvation-induced autophagy. In total, our findings support a model wherein TORC2 and Ypk1 function to repress the activity of calcineurin, which we demonstrate is a negative regulator of Gcn2, and promote both the GAAC response and autophagy following amino acid starvation (Fig. 5) . As Gcn2 is a well-established sensor of intracellular amino acid levels due to its ability to bind directly and be activated by uncharged tRNA, one possibility is that TORC2 and Ypk1 facilitate activation of Gcn2 under amino acid-limiting conditions. Alternatively, TORC2 and/or Ypk1 may also sense amino acid levels upstream of Gcn2, as has been proposed for mTORC2 in mammalian cells (40) .
Although previous studies have emphasized the importance of rapamycin-sensitive TORC1 as a regulator of autophagy under nitrogen starvation conditions, our findings show crucial mechanistic differences and identify additional components that regulate autophagy in response to amino acid availability. In addition, our discovery that calcineurin acts as a negative regulator of the GAAC response expands the scope of cellular processes regulated by this phosphatase. In this context, a previous global affinity-capture study detected a physical interaction between Gcn2 and Cmp2, one of two isoforms encoding the catalytic subunit calcineurin A, suggesting that calcineurin may directly regulate Gcn2 (41) . Interestingly, calcineurin has been shown recently to suppress oxidative stress-induced autophagy in cardiomyocytes (42) . Thus, a similar role for calcineurin in negatively regulating autophagy may be evolutionarily conserved.
Induction of autophagy proteins and autophagy flux are independently regulated events, which are important for regulation of the autophagy response (17) . Differential regulation of induction vs. flux may facilitate a tunable response for the regulation of both the size and the number of autophagosomes formed (18, 26) . Interestingly, TORC2/Ypk1 mutants exhibit opposing defects in autophagy flux and transcriptional regulation Fig. 4 . TORC2/Ypk1 are required for the GAAC response during amino acid starvation. (A) WT, gcn2Δ, ypk1Δ, and ypk1Δ cnb1Δ cells were grown at 30°C to log phase and then transferred to amino acid starvation media for 6 h at 30°C. Gcn2-dependent phosphorylation of eIF2α at Ser-51 was determined by Western blot using α-phospho eIF2α Ser-51, α-Sui2 (eIF2α), and α-G6PDH antibodies. Quantification represents the ratio of phospho eIF2α Ser-51 and total eIF2α (Sui2) signal with fold change relative to WT at growing conditions (t = 0 h). (B) WT, ypk1Δ, and ypk1Δ cnb1Δ cells expressing the GCN4 derepression lacZ reporter plasmid (p180) were grown and starved as described in A. β-Galactosidase activity was measured (Materials and Methods) and is given in units of nanomoles of ONPG converted per minute per milligram of protein. (C and D) gcn2Δ and ypk1Δ gcn2Δ cells harboring pRS415 pr ATG8 -GFP-ATG8, and, when indicated, plasmids expressing either wild-type GCN2 or GCN2 C S577A, were grown and starved as described in A. (C) Analysis of GFP-Atg8 and quantification of autophagy flux were preformed as described in Fig. 1. (D) GFP-Atg8 localization was analyzed using fluorescence microscopy as described in Fig. 3C (n > 200 cells for each strain) . (Scale bar, 5 μm.) of Atg8. Specifically, despite a defect in flux, inhibition of TORC2/Ypk1 signaling leads to increased expression of Atg8. Our findings suggest that TORC2/Ypk1 signaling regulates autophagy flux downstream of Atg8 recruitment to the PAS, as Atg8 puncta accumulate before and persist throughout amino acid starvation. Interestingly, a similar increase in steady-state Atg8 puncta has been observed upon deletion of a subset of ATG genes (Atg1, 2, 13, 17, and 18), further linking Ypk1 as a regulator of autophagy (10, 34) .
In addition to the Gcn2-Gcn4 pathway, both PKA and mitochondria have been linked to the regulation of amino acid starvation-induced autophagy (17) . Specifically, perturbation of mitochondrial respiration was recently found to increase PKA activity and subsequently suppress autophagy following amino acid but not nitrogen starvation conditions (17) . Similar to our observations with TORC2/Ypk1, mitochondria and PKA also regulate autophagy independently of TORC1 (17) . Interestingly, impaired TORC2/Ypk1 signaling also results in mitochondrial dysfunction as a consequence of an aberrant increase in PKA activity (43) . Thus, the mechanism of regulation between PKA and mitochondria appears to be bidirectional (17, 43, 44) . Whether PKA and/or mitochondria are involved in TORC2/ Ypk1-mediated regulation of the GAAC response and autophagy is presently unknown and represents another area for future investigation.
Although autophagy is important for maintaining cellular viability during nutrient stress, excessive autophagy can be deleterious to cells and lead to apoptosis or necrosis (45) . As such, autophagy paradoxically serves as a mechanism for both the suppression as well as the proliferation and survival of tumor cells (46) . Thus, mechanisms are likely to exist to downregulate autophagy following a prolonged period of induction. In this context, a recent report has demonstrated that Ypk1 becomes degraded by an autophagy-dependent process following nutrient limitation (47) . Thus, one possibility is that, in the context of a wild-type cell, Ypk1 degradation following amino acid starvation may lead to increased calcineurin activity and the subsequent inhibition of both the GAAC response and autophagy (Fig. 5) .
In general, a more complete understanding of the regulation of autophagy in response to various forms of cellular stress will be indispensable for the development of novel and effective cancer therapeutics. In this regard, the Gcn2-Atf4 (Gcn4) pathway is required for the survival and proliferation of tumor cells upon nutrient deprivation (48) . Thus, in the context of our findings, an interesting possibility is that mTORC2, which is often upregulated in many cancers (49) , may facilitate the activation of Gcn2 in cancer cells, thus triggering prosurvival pathways such as autophagy to allow cancer cells to thrive under low-nutrient conditions. As mTORC2 inhibitors continue to be developed for cancer treatment, specifically targeting the Gcn2 branch of TORC2 regulation could represent a novel avenue for the development of more effective therapies.
Materials and Methods
Yeast Strains, Media, and Plasmids. All yeast strains used in this study are derivatives of W303α (leu2-3,112; ura3-1; his3-11,15;trp1-1; ade2-1; can1-100) and are listed in Table S1 . Gene deletions were generated by PCR-based targeted homologous recombination replacing complete ORFs with kanMX6, HIS3MX6, or TRP1 cassettes as indicated (50) . The previously described torc2-ts strain, LHY291 avo3-30 (23), was backcrossed 13 times to W303α to generate PLY1141. All yeast transformations were conducted using lithium acetate (51) . All strains were grown to log phase (∼ OD 600 = 1) in synthetic complete dextrose (SCD) media [0.8% yeast nitrogen base without amino acids, 2% (wt/vol) dextrose, pH 5.5] supplemented with amino acids as described previously (52) . Strains were then exposed to nitrogen starvation media [0.17% yeast nitrogen base without (NH 4 ) 2 SO 4 and amino acids, 2% (wt/vol) dextrose], SCD media containing rapamycin (200 nM), or amino acid starvation media [0.05% yeast extract, 2% (wt/vol) dextrose] previously shown to be specifically limiting in auxotrophic amino acids (17, 18) . Genomically modified pr ATG8 -2xyEGFP-ATG8 strains were constructed using pRS306-2xyEGFP-ATG8 integrated into the URA3 locus as previously described (12) . All plasmids used in this study are listed in Table S2 . pRS415 pr
ATG8
-GFP-ATG8 (pPL590) was generated by digesting pRS416 pr ATG8 -GFP-ATG8 (24) with XhoI and XbaI and inserting the pr ATG8 -GFP-ATG8-containing cassette into pRS415 at the XhoI and XbaI sites.
Whole-Cell Extraction, Antibodies, and Western Blot Analysis. Protein extracts were prepared using the NaOH cell lysis method (53), loaded onto SDS/PAGE gels and transferred to nitrocellulose membrane. Membranes were probed with α-GFP (1 μg/mL; Antibodies Inc.), α-G6PDH (Zwf1) (1:100,000; Sigma), α-phospho eIF2α S51 (1:1,000; Cell Signaling), and α-Sui2 (eIF2α) [1:1,000; a generous gift from Thomas E. Dever (National Institutes of Health, Bethesda)] primary antibodies and visualized using the appropriate secondary antibodies conjugated to IR Dye (1:5,000; LI-COR Biosciences). All Western blot images were quantified using Image Quant software (GE Healthcare). Autophagy flux was calculated as the ratio of free GFP to total GFP signal and is shown as a percentage. In cases where incomplete degradation of the free GFP band was observed, both bands of the subsequent doublet were counted as free GFP and included in the quantification of autophagy flux. Induction of Atg8 protein under growing conditions was determined using both pRS426-pr ATG8 -GFP and pRS416-pr ATG8 -GFP-ATG8 reporter constructs, and GFP or GFP-Atg8 protein bands were normalized to G6PDH (Zwf1). A fold increase in eIF2α S51 phosphorylation was determined by calculating the ratio of phospho eIF2α Ser-51 and total eIF2α (Sui2) signal with fold change relative to WT under growing conditions (t = 0 h). Averages are presented with means ± SD of at least three independent experiments. When indicated, significance was determined using a two-tailed unpaired Student t test to determine P value.
β-Galactosidase Activity Assay. Exponentially growing cells (∼OD 600 = 1) were incubated at 30°C in SCD media supplemented with amino acids, and, when indicated, transferred to amino acid starvation media for 6 h. β-Galactosidase activity was measured at 30°C using the substrate O-nitrophenyl-β-Dgalactopyranoside (ONPG; Sigma) as described previously (54) . β-Galactosidase activity is given in units of nanomoles of ONPG converted per minute per milligram of protein. Averages are presented with means ± SD of three independent experiments. Fluorescence Microscopy. Fluorescence microscopy was performed using a Nikon E600 fluorescent microscope and an Orca ER charge-coupled device camera (Hamamatsu) controlled by Micro Manager 1.2 Image J software. Strains were grown to log phase (∼OD 600 = 1) in SCD media supplemented with amino acids. Strains were then subjected to amino acid starvation media supplemented with adenine to avoid starvation-induced vacuolar accumulation of red purine precursors characteristic of ade2 mutants, such as W303. Image capture and processing were done using ImageJ and Photoshop (Adobe).
ACKNOWLEDGMENTS. We thank Dr. Thomas E. Dever, Dr. Martha Cyert, Dr. Alan Hinnebusch, Dr. Ronald Wek, and Dr. Trisha Davis for providing constructs, antibodies, and yeast strains and members of the T.P. and J.N. Fig. 5 . A model for TORC2 regulation of autophagy and the GAAC response. TORC2 and Ypk1 promote autophagy upon amino acid starvation in a pathway distinct from TORC1. Specifically, TORC2 and Ypk1 promote amino acid starvation-induced autophagy by negatively regulating Calmodulin (CaM)/Calcineurin, whose activity inhibits the GAAC response (Gcn2-Gcn4). Dashed line depicts potential autophagy-mediated degradation of Ypk1 protein upon nutrient limitation (see Discussion for details).
